Intravenous administration of nutrition mixtures induces endothelial damage and arterial wall remodeling in animal models. To study endothelial function and common carotid artery mechanical properties in children receiving parenteral nutrition, we used noninvasive ultrasonic measurements in 18 children on parenteral nutrition and 18 controls. No difference appeared in the geometry of the common carotid artery (intima media thickness, systolic and diastolic diameters) between the patients on parenteral nutrition and the controls. The incremental elastic modulus was significantly higher in the patients on parenteral nutrition (1.8 Ϯ 0.4 versus 1.4 Ϯ 0.5 4 mm Hg · 10 3 , p Ͻ 0.05) reflecting alteration of the elastic properties of the arterial wall independent of the vessel geometry. The flow-mediated dilatation of the brachial artery was significantly lower in the patients on parenteral nutrition (6 Ϯ 3 versus 8 Ϯ 3%, p Ͻ 0.05), whereas the dilatation after glyceryl trinitrate administration was similar (22 Ϯ 9 versus 25 Ϯ 9%). Children on parenteral nutrition exhibit endothelial dysfunction and altered stiffness of the common carotid artery. The noninvasive methods used in this study may prove useful for objectively determining the effects of various preventive methods. In children, as in adults, total or complementary PN is a well-established intervention in acute or chronic illnesses that limit oral feeding, impair digestive function, and threaten nutritional status. In children with short bowel syndrome, inflammatory bowel diseases, or intractable diarrhea of infancy, PN provides normal growth and pubertal development (1) . The endothelium injury of the pulmonary artery by administering nutrition admixtures into the atrium has been documented in experimental models (2) . Another study depicted induction of early atherosclerosis with endothelial damage, and arterial wall remodeling has been induced in rats receiving lipid emulsions parenterally (3). Hitherto, however, the consequences of artificial nutrition on the mechanical properties of large arteries and on endothelium function in humans remain unknown.
We hypothesized that nutrient solutions administered directly into the bloodstream induce arterial changes, as has been shown in experimental studies in animals. Therefore, we sought to determine whether the endothelial function and stiffness of the common carotid artery were altered in children receiving long-term PN.
METHODS

Subjects
The study population included 18 children on PN (5 girls and 13 boys). At the time of the study, the mean age was 10 Ϯ 3 y (range, 4.5-17 y). Digestive diseases were as follows: short bowel syndrome (n ϭ 10, 4 of which were secondary to Hirschsprung's disease), chronic intestinal pseudo-obstruction (n ϭ 5), and intractable diarrhea of infancy (n ϭ 3). All patients were on home PN. Fourteen of 18 received also enteral nutrition. Cyclic PN was delivered over 10 -14 h nightly. All patients but three depended on PN from birth. The mean PN duration was 10.1 Ϯ 3.9 y (range, 4.5-17 y) and the patients received 5.4 Ϯ 1.4 PN infusions per week (range, 3-7). Four patients depended on total PN and were potential candidates for small bowel transplantation. Two of them had liver fibrosis. Nevertheless, all the children had normal liver function and none had hyperbilirubinemia at the time of the study. At vascular examination, the nonprotein energy supply was 38 Ϯ 10 kcal/kg/d (range, 18 -56) or 159 kJ/kg/d, with a 25% mean lipid-to-total nonprotein energy ratio. The nonprotein energyto-nitrogen ratio was 173 Ϯ 32 kcal/g nitrogen. Energy, nitrogen, and mineral supplies had been regularly adjusted to the age, weight, and height to fulfil the specific needs of normal growth.
Until 1989, the only fat emulsion provided was Intralipid 20% (Pharmacia, Saint-Quentin en Yvelines, France), including 100% soybean-derived long-chain triglycerides (LCT) with 60% polyunsaturated fatty acids. Medialipid 20% (Braun Medical, Boulogne, France) including 50% soybean-derived LCT plus 50% medium-chain triglycerides (MCT) has been used since 1989 in four children. Clinoleic (Baxter SA-Clintec, Maurepas, France) including 100% LCT with 80% olive oiland 20% soybean-derived polyunsaturated fatty acids has been used since 1999 in seven other children. At the time of study, fat emulsions used were Intralipid 20% in eight patients, Clinoleic 20% in six patients, and Medialipid 20% in the other four. Vitamin E was systematically added into lipid emulsions (0.6 mg/g LCT). The rhythm of lipid delivery was 4.4 Ϯ 0.9 d/wk (range, 3-6 days per week).
Control subjects were 18 healthy children (mean Ϯ SD age, 10 Ϯ 3 y). Control children were selected from our outpatient Department of Pediatric Cardiology among children evaluated for anorganic cardiac murmur. All were normotensive, had a normal ECG, and echocardiography. None of these control subjects had known vascular risk factors.
Our institutional review board approved the study and all parents gave written informed consent for the study.
Measurements
Blood pressure measurement. Brachial blood pressure was measured with an oscillometric method using a Dinamap (Critikon 8100, GE Medical Systems, Waukesha, WI, U.S.A.) after 10 min of recumbence. The PP was defined as the difference between SBP and DBP. All arterial measurements were performed at least 4 h after PN had been stopped. The examinations and all measurements (IMT and diameters of the CCA and of the brachial artery) were performed by the same investigator (Y.A.). Repeatability of measurements was assessed as previously described (4, 5) .
Arterial measurements. Noninvasive arterial measurements were performed with a real-time B-mode ultrasound imager (Acuson Sequoia, Mountain View, CA, U.S.A.). The right CCA was examined with a 7-MHz vascular probe, according to a procedure previously described (4 -7). The carotid artery was chosen to study the influence of PN on mechanical properties of the artery wall because this vessel is close to the heart and rich in elastic fibers. It is a representative site to evaluate the buffering function of the arterial system and is involved in the early stages of arterial stiffening. The average IMT obtained from the sample area represented the mean of at least 100 successive measurements of the distance between the two interfaces along 1.5 cm of artery. The mean of five IMT measures was used for calculation of mathematically derived parameters. The CCA diameters variations over at least five cardiac cycles as well as the synchronized ECG were visualized on the computer screen for visual agreement. The diastolic diameter was calculated as the mean of the minimal values of CCA lumen, corresponding to the R wave, for five consecutive cardiac cycles. In the same way, the systolic diameter was estimated as the mean of the maximal value of the CCA lumen during the same cardiac cycles. (8) (9) (10) . Whereas distensibility provides information about "elasticity" of the artery as a hollow structure, the incremental elastic modulus (Einc, mm Hg · 10
3 ) provides information on the properties of the wall material, independent of its geometry. Einc ϭ [3(1 ϩ LCSA/ WCSA)]/CCA distensibility (10 
2 . The CCA diastolic wall stress (mm Hg · 10
2 ) was calculated according to Lame's equation, WS ϭ DBP · (DD/2)/IMT, where IMT is intima-media thickness.
Assessment of endothelial function. After at least 30 min of rest, arterial endothelial and smooth muscle function was studied with a high-resolution vascular ultrasound system as described previously (11) . Changes in arterial diameter in response to reactive hyperemia (increased flow producing endothelium-dependent vasodilatation) and to glyceryl trinitrate (endothelium-independent vasodilator) were measured. The target artery was scanned in longitudinal section (brachial artery 2-15 cm above the elbow), and the center of the vessel was identified when the clearest images of the anterior and posterior walls were obtained. The transmit zone was set to the level of the anterior vessel wall. Depth and gain settings were optimized to identify the lumen-to-vessel wall. Images were magnified with the resolution box function, leading to a television line width of approximately 0.065 mm. Machine settings were kept constant during each study. Brachial diameters were measured at a fixed distance from an anatomic marker. The mean diameter was calculated from five cardiac cycles incident with the R wave on the ECG. Arterial flow velocity was measured by means of a pulsed Doppler signal at a 70°angle to the vessel, with the range gate (1.5 mm) in the center of the artery. Flow increase was induced by inflation of a blood pressure cuff to 300 mm Hg. The cuff was released after 4 min, and the artery was scanned for 30 s before and 90 s after cuff deflation, including a repeat flow velocity recording for theStatistical analysis. Data were expressed as mean Ϯ SD. Variables that were not normally distributed were log transformed. Comparison between groups was performed by oneway ANOVA. Univariate linear regression analysis was performed on the data obtained from patients on PN to analyze the relationship between continuous variables. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
The baseline demographic, hemodynamic, and biologic characteristics for PN patients and control subjects are summarized in Table 1 . No differences in the anthropometric and hemodynamic parameters were found between the two groups. No significant difference was observed between the two groups for plasma levels of fasting triglycerides, total cholesterol, LDL cholesterol, and HDL cholesterol that were measured according to standard procedures. Table 2 shows dimensions, mechanical properties of the CCA, and brachial artery reactivity in PN patients and controls. The intima-media thickness did not differ between the two groups (0.49 Ϯ 0.03 versus 0.50 Ϯ 0.02 mm). The CCA diameter was not different between the two groups but the enlargement of CCA under the blood pressure was lower in the PN patients (Ͼ32%, p Ͻ 0.001). There was no difference in CCA compliance or distensibility between the two groups. The incremental elastic modulus of the CCA was higher in PN patients (Ͼ28.5%, p Ͻ 0.02). The wall stress was not different between the two groups.
There was no difference in resting diameters of the brachial artery in PN patients and controls (2.8 Ϯ 0.5 versus 2.7 Ϯ 0.4). The flow-mediated dilatation at the brachial artery site was significantly lower in PN patients (6 Ϯ 3 versus 8 Ϯ 3%, p Ͻ 0.05). Conversely, the response to glyceryl trinitrate was similar in PN patients and in control subjects (22 Ϯ 9 versus 25 Ϯ 9%, NS).
In univariate analysis, no correlation was observed between plasma lipid level and flow-mediated dilatation in PN subjects. No correlation was found between the quality of the emulsion at the time of the study and the flow-mediated dilatation or the incremental elastic modulus. Furthermore, no correlation appeared between the duration of the PN and the arterial alterations.
DISCUSSION
To our knowledge, our study using a noninvasive method is the first designed to investigate the repercussions of PN on structure and function of arteries in children. It shows an increase in the CCA stiffness associated with an impairment of the endothelium function. Several lines of evidence have demonstrated that atherosclerosis has its roots in childhood (12) . Studies in animal models added credence to the fact that infusion of lipid emulsions or high concentrations of dextrose induce vascular changes (2, 3). The exact mechanisms through which PN might accelerate the formation of atheromatous lesion is unclear. The deleterious results of PN on endothelial function and on CCA stiffness that we observed could reflect the additive role of lipid infusion and hyperinsulinemia.
Complex interactions between the endothelial cell surface, macrophages, and smooth muscle cells lead to the formation of layers of fibrous tissue and cholesterol leading to mature atheromata. Diet-induced hypercholesterolemia is the most common model of nondenuding endothelial injury, closely resembling human spontaneous atherosclerosis (13) . The relationship between dyslipidemia and vascular endothelium has been well established, not only in adults but also in children (4, 14) . Experimental studies in healthy adults have shown a relationship between infusion of triglycerides and endothelial reactivity (15, 16) . The quality of lipid emulsion infused in terms of fatty acid chain length and the proportion of unsaturated fatty acids is also of major concern. However, our results do not allow us to differentiate the respective effects of each emulsion. The metabolism of the oxidized fraction of lipids delivered via the parenteral route is relatively well known (17) . On the other hand, the destiny of the nonoxidized fraction, which is caught by the reticulo-endothelial system, is far less described. Chronic administration of lipid emulsions might overload reticulo-endothelial cells and induce their acute or chronic activation (18) . Additionally, a recent study showed that injection of triglycerides (10% Intralipid) activated arterial expression of nuclear factor (NF)-B to the same extent as injection of VLDL. These results suggested that VLDL may promote the development of atherosclerotic lesions by activation of the proinflammatory transcription factor NF-B. The effect appeared to be mediated by a release of VLDL fatty acids but not to involve VLDL oxidation (19) . Further, accumulation of monocyte-derived foam cells in focal areas of the arterial intima, a key step in early atherogenesis, is mediated by expression of monocyte adhesion molecules by the endothelium. Indeed, vascular cell adhesion molecule-1 (VCAM-1) is induced in rabbit aortic endothelium in vivo within 1 wk after initiation of an atherogenic diet (20) . Finally, peroxidation of exogenous lipids can stimulate leukocyte adhesion through a superoxide-dependent step and induce endothelial injury (21, 22) . The above-mentioned mechanisms might be involved in the genesis of arterial dysfunction in children on PN with lipid emulsions. We are aware that the transverse design of our 791 study does not allow us to address the potential impact of lipids infusion or impaired glucose metabolism at length. Endothelium dysfunction might also be related to hyperinsulinemia that has been described in experimental long-term PN studies. Glucose perfusion has been shown to stimulate insulin secretion (23) . Further, in rats receiving continuous PN, plasma FFA were significantly increased as well as some amino acids that have been shown to be potent insulin secretagogues (24) . In humans, however, few data are available regarding the effects of long-term PN on insulin secretion and sensitivity. In patients who depend on long-term parenteral support, cyclic nocturnal PN provides usually 2-to 5-fold the daily glucose hepatic production over a 10 -14 h period. In these patients, hyperinsulinemia or increased peptide-C levels have been reported (25, 26) . Insulin resistance has also been shown in rats receiving continuous PN who presented with marked hyperinsulinemia in spite of the absence of hyperglycemia (24) . Human studies have also suggested that substrate competition during PN can lead to insulin resistance (27) . The route of nutrient delivery may also act on insulin sensitivity through the release of gut hormones. It has been suggested that after an oral meal, plasma contain one or several factor(s) like GIP and GLP-1 that increase tissue sensitivity to insulin (28) . It is of note that the insulin resistance syndrome, with its components hyperinsulinemia, obesity, hypertension, and hyperlipidemia, has been recognized as a major precursor of atherosclerotic cardiovascular disease in adults (29, 30) . However, the mechanisms of insulin-related endothelium dysfunction remain controversial.
The endothelium controls both smooth muscle tone and vascular wall remodeling. It has been demonstrated that basal NO production influences large-artery distensibility (31, 32) . This may explain why conditions that exhibit endothelial dysfunction are also associated with increased arterial stiffness. In our PN patients, the vascular dysfunction may be due to the combination of chronic and acute effects of nutrients infusion on the endothelium. As we are studying young patients, we may speculate that the remodeling of the arterial wall is incipient as we did not observe increased IMT. Longitudinal studies are needed to determine whether the changes that we observed in PN patients have implications for the late development of atherosclerosis.
Endothelial dysfunction and increased arterial stiffness may be induced in the course of PN in different ways. First, by the duration of parenteral infusion, despite the absence of correlation between the abnormalities described and the duration of PN in our study. Second, the daily regular and cyclic PN is responsible for variations of substrates and hormonal plasma concentrations inducing regular metabolic injury on the vascular system over the day, which likely contribute to the endothelium dysfunction. The glucose should be considered because recent trials have underscored the importance of elevated glucose levels as an independent risk factor (33). Further, elevated glucose level increased endothelial cell permeability in large vessels, leading to interstitial edema, and may enhance cell proliferation and matrix production (34) .
The evaluation of vascular functions in patients on prolonged PN showed signs of preclinical cardiovascular risk factors. The respective roles of lipid infusion and of insulin resistance as major determinants of endothelium impairment due to PN have to be clarified. A long-term follow-up of the patients included in the current study has been planned whatever the course of the underlying disease. The follow-up will focus on the evolution of arterial disorders, especially to assess their reversibility after the return to enteral nutrition or their worsening with time in patients who remain dependent on PN. The physiologic abnormalities in children on PN shown by using noninvasive methods provide a marker that may enable objective assessment of the effects of various preventive methods. 
